The estimation of energy production of a given WEC (wave energy converter) at a given coastal site is the basis for correct decision-making regarding wave energy exploitation in a coastal region. Nevertheless, the procedure followed by the conventional approach to characterize the wave energy resource does not provide the required information to obtain an accurate estimate. In this work, this information is provided for the region with the greatest resource in the Iberian Peninsula, the Death Coast (NW Spain). For this purpose, a geospatial database is produced by using a methodology which involves the consideration of virtually the totality of the resource together with the implementation of a high resolution spectral numerical model. In addition, a Matlab-based toolbox called WEDGE (Wave Energy Diagram GEnerator) is implemented to access the database and automatically generate high resolution energy diagrams (or characterization matrices) of the wave energy resource at any coastal location within this region. In this way, a precise computation of energy production of any WEC at any site of interest can now be performed. Finally, the functionality of the database is shown through a case study of a recently proposed wave farm.
Introduction
The need for increasing the share of renewable energies to the total energy production has resulted in a growing interest in marine energies, amongst which wave energy has a great potential [1, 2] . Wave energy is approaching viability as commercial power source as a result of the intensive research conducted over recent years to develop WECs (wave energy converters) [3] . This intensive research includes wave flume tests [4] , 3D tank tests [5] , the implementation of numerical models [4, 6] or parametric studies [7] . On the other hand, numerous assessments of the available resource were also performed with the aim of installing a wave farm. They covered areas with substantial resource such as UK [8] , Spain [9, 10] , the Black Sea [11, 12] , Portugal [13, 14] or US [15] . The greater part of these assessments was focused on quantifying the total available resource in a particular region, making available valuable information about the characteristics of their wave climate and of the most appropriate areas for wave energy exploitation. Nevertheless, it is necessary to bear in mind the final outcome that a wave energy resource assessment should provide: the elements for the estimation of energy production of any WEC at any location of interest in a coastal region. This arises from the need for comparing the energy production of different WECs at different locations within a coastal region and, on this basis, i) to select the WEC that performs best at each location of interest and ii) to define the location providing the largest energy production for a given technology. In consequence, the estimation of energy production is of crucial importance to determine the viability of a project. Unfortunately, the way in which most of the assessments were conducted over the last years gives rise to a lack of the elements needed to properly conduct this estimation.
The energy production of a WEC at a particular coastal location is the result of combining the power matrix of the selected WEC with the energy diagram or characterization matrix at the location, representing the available energy and occurrence for the different wave height and period combinations [16] . Within the typical procedure, followed by most of the resource assessments conducted, there are two factors that represent a limitation when it comes to obtaining a coastal characterization matrix [16, 17] : i) the number of wave conditions considered (normally no more than a few wave cases or a mere determination of the amount of kWm À1 available in an average year) and ii) the resolution of the wave energy characterization parameters. This provokes that the resulting coastal wave energy resource information cannot be used for describing the resource in the form of a characterization matrix with the adequate level of resolution (the same as that of the power matrix of the WEC) for accurate energy production computations.
In this work, there is developed a high resolution geospatial database of the wave energy resource throughout the most powerful coastal region in the Iberian Peninsula, the Death Coast (NW Spain) (Fig. 1 ) [18] , following a comprehensive procedure which differs from the conventional methodology (Section 2). As a result, the information required for reconstructing high resolution characterization matrices at any coastal site is now available. Furthermore, a Matlab-based toolbox is implemented, giving easy access to the information stored and allowing the automatic computation of the characterization matrices with the adequate resolution. In Section 3, the interest of the database is shown through the analysis of a recently proposed area for the installation of a wave farm in this coastal region. Finally, in Section 4, the main conclusions of the present work are drawn.
Database development
The present database has been developed by implementing a methodology composed of different steps. Given its complexity, in Fig. 2 , a complete flow chart is presented with the aim of guiding and signposting the reader through this Section.
Characterization of the deepwater wave energy resource
The first step towards the assessment of the wave climate in a coastal region is to investigate its deepwater climate and, on this basis, to determine the wave conditions of interest. In the case of the Death Coast, it can be accurately characterized by the Vilán-Sisargas buoy located at approximately the middle point of the deepwater contour (Fig. 1) . The dataset cover a period of around 14 years (1998e2012), comprising a total number of near 100,000 sea states with an hourly frequency.
For this purpose, the following spectral parameters of each sea state are computed from their hourly wave spectra: spectral wave height, H m0 , energy period, T e , and mean wave direction, q m . H m0 is the spectral estimate of the significant wave height (or the average height of the highest 1/3 of the waves of a sea state), T e the period of a sinusoidal wave with the same energy as the sea state, and q m the mean direction of the waves of the sea state.
They are computed respectively as follows [19] :
where m À1 and m 0 represent respectively the minus first and zeroth moments of the wave spectrum, and S(f,q) the spectral energy density which specifies how energy is distributed as a function of frequencies (f) and directions (q). Next, the wave resource is characterized based on the probability distribution of the three aforementioned parameters (1e3) and using the concept of energy bin defined as trivariate intervals of significant wave height, energy A key aspect for a successful wave energy characterization is the selection of the adequate resolution or size of the energy bins. A concise way to present the predicted performance of a WEC is its power matrix e as the power curves in wind energy. It describes the WEC's performance for the different joint combinations of wave height and energy period. As stated, the actual energy that a WEC would produce at a site of interest is the result of combining its power matrix with the characterization matrix of the wave energy resource at that location. At present, two different power matrices can be provided by the different device developers: in terms of power output (Table 1 ) and in terms of efficiency (Table 2) for the different wave conditions (or energy bins). For energy production computations, the power matrix should be combined with the occurrence or with the total energy available of each energy bin specified by the characterization matrix depending on the information provided by the WEC developer (Table 1 or 2, respectively). Despite that at the moment there is no information being provided by device developers regarding how wave direction affects the performance of WECs (or in other words, it is assumed that, in the case of offshore and nearshore devices, they swing with the change in the wave direction or, in the case of onshore devices, the waves approach the shore parallel to the bottom contours as a result of the refraction process), the deepwater wave direction needs to be taken into account for an accurate resource assessment, as it greatly affects the wave propagation process and thereby the distribution of the resource giving rise to areas of high and low energy concentration.
On these grounds, it emerges that the resolution of the energy bins of the characterization matrices at a point of interest should be at least of the same level than that of the power matrix of the selected converter (they have to be combined), which means that the resolution of the deepwater characterization on which they are based should be also of the same level. Based on the information provided by the different wave energy device developers [20, 21] the selected size of the energy bins are set to the highest resolution of a WEC's power matrix currently available: 0.5 m of H m0 and 0.5 s of T e . Regards mean wave direction, in the present work intervals of 22.5 are used, which bring about an accurate description of the wave resource in NW Spain [16] .
Once defined the resolution of the trivariate intervals, each of the hourly sea states in the dataset is assigned to the corresponding
326.25 ], and their wave power per unit width, J, computed ac-
where r is the seawater density, g is the gravitational acceleration, and C g is the group velocity, or the celerity at which wave energy is carried, which can be calculated as [23] ,
tan hðkhÞ
where k is the wave number and h the local water depth. Now, the contribution to the total resource of each energy bin and its occurrence can be computed and used to produce a 3D characterization matrix. For clarity, Fig. 3(a) shows the omnidirectional representation (2D) of the 3D characterization matrix, with 0.5 m intervals of H m0 and 1 s of T e (of a maximum of 0.5 s for clarity), with the colour plot representing the annual energy available (in MWh per meter of wave front) and the numbers, the occurrence (in hours per year) of each H m0 and T e combination.
Selection and propagation of the relevant wave energy cases
The next step in the methodology is to propagate the most representative deepwater wave cases or energy bins e those providing the bulk of the energy. Although the conventional procedure is to consider a handful of study cases, recent studies have shown the importance of considering a high percentage of the total energy [16, 17] , which clearly will result in a more accurate estimate of the available resource and in consequence of energy production. In practice, it requires the consideration of a large number of energy bins, which means to propagate a large number of wave conditions and as a result a greater computational effort. In the present study, a sensitivity analysis (Table 3) is performed, showing the number of cases or energy bins that would be necessary to consider if a certain level of energy and time is to be achieved. It can be observed that, instead of propagating a great amount of cases so as to consider 100% of the available energy, the consideration of the 787 most energetic energy bins is enough to represent 95% of the resource (corresponding to 88.7% of the time). However, the consideration of a lower level of energy would not reduce significantly the number of cases to be propagated. The representation of the omnidirectional characterization matrix corresponding to 95% of energy ( Fig. 3(b) ) shows that the remaining 5% is mostly composed of two types of sea states: i) very low energetic sea states due to reduced wave heights and periods (sea states of under 1 m of H m0 are not considered) and ii) very powerful sea states with very low occurrence (extreme conditions). In both conditions, WECs do not operate; in the first case, they cannot operate due to the reduced wave height (Tables 1 and 2) , and in the second case, WECs stop working to protect themselves (survival mode). This means that 95% of energy virtually represents 100% of the exploitable resource. Nevertheless, the consideration of a lower level of energy, may lead to not taking into account a large number of wave cases during which the WEC would operate. On this basis, the number of cases corresponding to 95% of energy of the total resource is retained in this work.
To propagate the selected wave conditions there is used the spectral model SWAN (Simulation WAves Nearshore) [24] , which computes the evolution of the wave spectrum by solving the action balance equation. For this purpose a high-resolution grid is constructed (Fig. 4) . The area covered by the grid is determined according to two prerequisites: i) the offshore boundary is located so deep that transformation processes have not yet influenced the wave field (deepwater condition) and ii) the lateral boundaries are distant enough so that any disturbance that may exist along them, cannot reach the region of interest.
The grid has a varying size decreasing from the deepwater contours towards approximately a 120 m water depth, the maximum depth at which offshore devices are expected to be deployed (and therefore the area of interest for wave energy exploitation). A key aspect to take into account is the fact that a strong variation in the available energy may exist in short distances (over a scale of hundreds of meters or even less), arising from a sudden variation of water depth. In other words, the characterization matrices within the coastal region may greatly differ over short distances. This variation should be properly modelled, for which the implementation of a high resolution grid is required. After a thorough analysis of the bathymetry of the area of study (Fig. 5 ) and considering previous wave energy studies in the region [19] , the grid size in the area of interest (of under a depth of 120 m) is set to 200 m, much finer than that normally used following a conventional procedure. This results in a total number of grid nodes of 69,847.
Prior to propagating the selected energy bins, the model is validated by comparing the numerical results and buoy records. For this purpose, the model is forced with deepwater conditions recorded by the Vilán-Sisargas buoy covering a 14-day period (halfmonth), from 1.2.2011 to 15.2.2011, and the results compared with hourly sea state records provided by a coastal buoy located at a 60 m water depth (Fig. 1 ). This period is selected insofar as it considers the whole range of wave conditions that a WEC can harness, including very powerful sea states. Excellent agreement is found between computational results and measurements (Fig. 6) , obtaining a correlation coefficient of R ¼ 0.924 and R ¼ 0.917 for wave height and wave power, respectively. Once validated the numerical model, the selected wave cases (787 energy bins) are propagated towards the coast. The wave conditions prescribed at the open ocean boundary representing each energy bin are set to those providing the average energy of the corresponding bin and the remaining spectral parameters defined following previous wave resource studies in the region [16] . For instance, in the case of the energy bin [H m0 ¼ 3e3.5 m, T e ¼ 9e9.5 s, q m ¼ 303.75e326.25 ], the parameters propagated are: H m0 ¼ 3.269 m, T e ¼ 9.25 s, q m ¼ 315 .
Wave energy resource at a particular location
This step of the methodology consists in obtaining the modified wave parameters at any site within the Death Coast (grid nodes of the computational domain) with a view to provide the elements allowing the computation of energy production. For this purpose, after running the model, the spectral parameters H m0 , T e , and q m at each grid node are obtained for each wave condition propagated and the wave power is computed according to [25] :
Sðf ; qÞC g ðf ; hÞdfdq: (6) Subsequently, the energy associated with each wave field is obtained from its wave power and their probability of occurrence from the characterization of the deepwater wave resource (although the wave field is transformed as it propagates from deepwater to the shore, its probability of occurrence is conserved). As a result, the same spectral parameters of interest at the deepwater buoy are now available at any point of the computational grid. Therefore, the wave resource at any location within this region can be reconstructed in the form of a characterization matrix (with the same resolution of energy bins as the deepwater characterization, and spatial resolution as the computational grid), following the same procedure explained in Section 2.1.
A Matlab-based toolbox for characterization matrix generation
The final step of this work is to develop a toolbox capable of reading the information stored in the database, and automatically reconstructing the wave energy resource, in terms of an energy diagram or characterization matrix with the appropriate resolution at any point within the Death Coast. Therefore, any device developer, policy maker, researcher or stakeholder will be able to easily compute the energy production of any WEC at any location of interest.
For this purpose, it would be enough to compute and store the figures corresponding to the total energy available and the number of hours of occurrence of each energy bin at each grid node (the information included in the characterization matrix) and then develop a programme to handle this information. The problem lies in the fact that the storage of 69,847 characterization matrices (number of grid nodes) represents an enormous amount of data to be stored (it would occupy a great part of a personal computer hard disk) which, in addition, would considerably slow down (or even impede) the functioning of the programme. With this in view, a set of programmes written in MATLAB, which can directly read the information resulting from the 787 numerical propagations and automatically reconstruct (in real time) the characterization matrices, was developed without the need for storing a huge amount of data. The result is the toolbox WEDGE (Wave Energy Diagram GEnerator), a package of routines which works as follows. First, the toolbox is invoked by typing WEDGE in the Matlab Command Window (Fig. 7) . Then, the user is asked to define the resolution of the energy bins of the characterization matrix (obviously, the maximum resolution available is H m0 ¼ 0.5 m, T e ¼ 0.5 s in case of considering an omnidirectional matrix), which should be of the same level as that of the power matrix of the device used for energy production computations. Next, the toolbox asks for the location of interest where the characterization matrix is to be computed. This can be done in two different ways: i) by introducing manually the spatial coordinates or ii) by using a GUI (graphical user interface) specially designed for this purpose. If the user Fig. 7 . Toolbox as it is shown within the Matlab interface. Below (Command Window), the options selected by the user to obtain the characterization matrix at a point of interest are shown; above (Variable Editor), the data contained in the variable data_location_interest are also shown.
chooses the second option, a map of the average power available including the bathymetric isolines is automatically plotted on which a pointer is available for the interactive selection of the desired location (Fig. 8) . When the user defines a location, the code finds the closest grid node (node_X and node_Y in Fig. 7) . Afterwards, the information at this node corresponding to the spectral parameters stored resulting from the 787 wave cases propagated, as well as the number of annual hours of occurrence of each wave case, are read and used by the toolbox to reconstruct the corresponding energy diagram (characterization matrix) with the appropriate resolution (Fig. 9) . As stated before, the computations are performed in real time, a process which only takes a few seconds. The total energy and the number of hours of occurrence corresponding to each energy bin of the characterization matrix (matrix_ener_year and matrix_hour_year variables, respectively), together with other data of interest are automatically stored within the structured variable data_location (Fig. 7) . Thereby, the user can select the required information for energy production calculations depending on the characteristics of the device's power matrix (Table 1 or 2) .
It is important to note that the energy bins of the characterization matrix showed (Fig. 9) correspond with a bivariate distribution of the H m0 and T e in which the q m is neglected (omnidirectional matrix). This stems from the fact that, as stated in Section 2.1, the power matrices currently provided by device developers e with which the characterization matrices have to be combined in order to compute the energy production e are also omnidirectional. Nevertheless, the wave direction is taken into account throughout the development of the database; in particular, the numerical model computes the modification of the wave direction of each energy bin in their propagation from deepwater towards the coast, and the results are stored within the database together with the remaining spectral parameters. Thus, the user can use the database to generate 3D characterization matrices (including wave direction), if the information related to the variation of the WEC's performance with the variation in wave direction is provided in the future.
Finally, some regions of interest for wave energy exploitation have been shown to exhibit a significant seasonal or even monthly wave climate variability [26e31]. In this case, in addition to the total energy production, intra-annual wave resource information should be analysed for computing other parameters of interest providing relevant information for the proper configuration of WECs (e.g. installed capacity) [16] .
Case study
The interest of the present database, as previously explained, lies in two facts. In first place it has been shown in Section 2 the need for describing the resource in the form of a characterization matrix with the appropriate resolution of energy bins, given that Fig. 8 . GUI for selecting a point of interest where the characterization matrix is to be computed. Fig. 9 . Characterization matrix automatically generated at the location selected with the GUI in Fig. 8 . the WEC's power matrix with which it has to be combined has also a specific bin resolution. The current lack of this information is solved for the Death Coast by means of the present database, which is capable of generating characterization matrices with the same resolution as the maximum resolution of the WECs' power matrices. In second place, the irregular bathymetry of some areas may cause abrupt changes in the spatial distribution of the resource, and therefore the characterization matrices within the coastal region may greatly differ in short distances. Thus, this resource variability should be properly described for accurate wave energy production computations.
In this section, the importance of the spatial resolution provided by the present database for properly describing the spatial variability of the wave energy resource, is analysed through a case study. The available wave power in this region has been previously studied, and several hot spots identified and proposed as possible areas for wave energy exploitation [18] . One of these areas is of special interest, due to its being located next to two harbours (Fig. 1) , and thus selected for further analysis with the database.
Prior to this work, the only data available for energy production computations in this region were those corresponding to the SIMAR-44 dataset (black circles in Fig. 1 ) (in addition to buoy data), composed of hindcast wave data covering a 44-year period (1958e 2001) with a 3-h frequency. These dataset were obtained using the WAM third generation spectral model forced with wind fields provided by the REMO atmospheric model within the HIPOCAS project [32] which in turn was forced with data resulting from global atmospheric reanalysis computed by the U.S. National Center for Environmental Prediction. Despite their constituting a set of data with valuable information regarding the wave climate, it may occur that they do not provide accuracy when computing the energy a WEC would produce at a specific coastal location of interest. In the present case study, the closest SIMAR point to the proposed area for wave energy exploitation (Fig. 1 ) is located at a distance of more than 20 km and, more importantly, at an utterly different depth. Therefore, the resource provided by SIMAR point is expected to be quite different from that within the area of interest, which in turn would lead to significant inaccuracies when computing the energy production in the proposed area, should SIMAR characterization matrix be used for this purpose. In addition, SIMAR dataset does not provide information related to the T e ; instead, the peak period, T p has to be transformed into T e assuming a specific spectrum, leading to a less precise estimation of the energy contained in each energy bin.
In order to accurately define the deviation of the wave resource between the closest SIMAR point and within the area proposed for a wave farm, the characterization matrices at SIMAR location and at three locations within the area of interest are compared (Figs. 10  and 11 ). In the case of the SIMAR point the characterization matrix (Fig. 12) is computed assuming that T e ¼ 0.9T p following previous studies [16] . In addition, it has been stated that in areas with irregular bathymetry, as it is the case, changes in the available wave energy resource could exist over scales of hundreds of meters or even less, meaning that the energy that could be produced at different locations within the proposed area could greatly differ. On this basis the three locations selected (A,B,C) are separated by a distance of less than 500 m (Fig. 11) and their characterization matrices computed by means of the database (Fig. 13) . For clarity and comparison purposes, the resolution of the energy bins is set to H m0 ¼ 0.5 m and T e ¼ 1 s (of a maximum of T e ¼ 0.5 s).
It can be observed that there exist quite important differences between the wave energy resource at the SIMAR point and the proposed area, as it could be expected for the distance and different depth. In addition, when comparing the characterization matrices at the three points (A, B, C) within the area of interest, significant deviations, although of less importance, are again observed. The major difference consists in that, whereas at point A the bulk of the energy is distributed over a wide range of H m0 and T e , at points C and especially B, it is concentrated within a reduced number of energy bins. Obviously, the significant dissimilarities in the resource will lead to significant deviations in the estimation of the actual energy a WEC would produce.
Conclusions
A correct decision-making regarding wave energy exploitation should be based on an accurate knowledge of the different factors affecting its exploitation. Amongst them, the estimation of energy production of a WEC at a location of interest is of key importance. In this paper, a comprehensive procedure, far from the conventional approach, is implemented in the Death Coast (NW Spain) with the aim of developing a geospatial database of the wave energy resource providing the required information for conducting this estimation with accuracy and reliability throughout this region.
First, the deepwater wave energy resource is characterized based on a large dataset of spectral buoy records and following the energy bin concept, or trivariate intervals of significant wave height, energy period and mean wave direction. Furthermore, in contrast with the conventional approach which considers only a handful of study cases and a limited resolution of the energy bins, this work covers 95% of the total energy (which in practice represents virtually 100% of the exploitable resource) with a resolution of 0.5 m of wave height, 0.5 m of period and 22.5 of wave direction. This resolution is shown to be enough to characterize the resource with a view to energy production calculations. Next, a high resolution numerical model (grid spacing of 200 m) is implemented and a total of 787 wave cases (those corresponding to 95% energy level) are propagated.
Finally, a Matlab-based toolbox called WEDGE capable of accessing the database and of reconstructing the wave energy resource at any point in the Death Coast is implemented. It allows the selection of any location (resolution of 200 m) and the computation of its characterization matrix with the aforementioned size of energy bins. Once computed the matrix, the relevant information is automatically stored and thereby, it suffices to combine it with the corresponding information contained in the WEC's power matrix to determine the energy production at the desired location.
The interest of this database, and in particular of the spatial resolution provided, is further investigated by means of a case study, a recently proposed wave farm in the Death Coast. Several wave characterization matrices are generated and compared: i) a characterization matrix at the SIMAR point closest to the proposed area for the wave farm, which is at a distance of more than 20 km (the only wave resource dataset available prior to the present work), and ii) three characterization matrices at three different locations within the proposed area, separated by less than 500 m. It is shown that, first, in the present case study SIMAR dataset are not valid for energy production computations and further information is necessary, and second, a high resolution spatial database (more than 500 m) is required in such regions of irregular bathymetry as the Death Coast.
In summary, in this work there is developed a database of the wave energy resource throughout the Death Coast, NW Spain. The database allows the generation of high resolution characterization matrices at any coastal site and thus providing accuracy and reliability in the computation of the energy that any WEC would produce at any location of interest. Although the present database is currently only available for this region, the procedure developed in this work could be used to produce a database in any other coastal region in which long-term deepwater data are available.
In future work, the database will be extended so as to produce additional information of interest for wave energy exploitation. In particular, it will be extended in order to compute intra-annual characterization matrices providing relevant information for the proper configuration of a WEC at a specific location of interest. 
